1. Introduction {#sec0005}
===============

As a central form of executive function, working memory is required for the optimal performance of goal directed behaviors. Spatial working memory refers to the temporary maintenance of object location and the ability to manipulate this information ([@bib0200]). Neuroimaging studies have shown that the neural architecture of spatial working memory in young adults involves a group of frontal and parietal regions including the dorsolateral prefrontal cortex (DLPFC), frontal eye fields (FEF), pre-supplementary motor area (pre-SMA), superior (SPL) and inferior parietal lobules (IPL) and intraparietal sulcus (IPS) ([@bib0065], [@bib0190]). Similar frontal and parietal regions are found to be involved in spatial working memory in children and adolescents ([@bib0120], [@bib0225], [@bib0320]), though younger individuals (aged 9--12) appeared to show weaker neural responses to increased memory load compared to older individuals (aged 13--18) ([@bib0165]) and even weaker in comparison to adults (aged 20--29) ([@bib0330]). This weaker load-related activation is thought to be related to lower working memory capacity and immature fronto-parietal function in youth ([@bib0125], [@bib0165], [@bib0290]).

Several cross-sectional neuroimaging studies have examined the relationship between frontal and parietal activation and spatial working memory performance in youth, but yielded mixed findings. An earlier study showed that activations in the left superior frontal sulcus and left posterior parietal cortex (PPC) during spatial delayed recognition were associated with better working memory capacity, measured outside the scanner, in a group of 9--18 year olds ([@bib0165]). Greater activation in the left PPC was also associated with better performance on a spatial 1-back task during fMRI in a group of youth aged 12--17, with the inferior parietal areas further associated with better executive function measured outside of the scanner using the Trail Making Task ([@bib0220]). However, the same study found a positive correlation between ventral anterior cingulate cortex (vACC) activation and working memory performance (measured by a backward digit span and an arithmetic task outside the scanner), while many other frontal areas including the medial superior frontal gyrus and bilateral inferior frontal gyri showed a negative correlation. In contrast, [@bib0230] found no significant correlation between spatial working memory performance and activation in the prefrontal or parietal areas in a group of 13 year olds, though a significant positive correlation between performance and parietal activation was found when adults (mean age 22.8) were included in the sample. These previous studies showed some evidence that better spatial working memory performance is associated with greater frontal and parietal activation in samples with a wider age range or in older individuals, though this may not extend to a narrower age range or younger individuals. Thus, the relationship between neuropsychological measures of working memory and executive function with frontal and parietal activation during working memory remains unclear.

Along with increases in fronto-parietal activation, task-related decreases are frequently seen in a set of regions including the vACC and posterior cingulate cortex (PCC) commonly known as the default network ([@bib0135], [@bib0130], [@bib0270], [@bib0295]). Previous neuroimaging studies showed that the magnitude of vACC and PCC deactivation increases with increasing task demand as compared to rest/baseline conditions ([@bib0195], [@bib0210], [@bib0325]), though both task-positive and task-negative networks are based on contrasts relative to baseline. While the specific role of vACC and PCC in working memory remains unclear, it has been suggested that their deactivation is related to the ability to ignore task irrelevant information ([@bib0045]). Few studies have examined the role of default network regions in spatial working memory performance, though positive correlations between the degree of deactivation in default network regions and performance during non-spatial working memory tasks have been observed in adults ([@bib0015], [@bib0265]). It is less clear whether similar deactivation patterns exist in younger individuals. The default network is known to undergo functional and structural changes through adolescence ([@bib0090], [@bib0315]; for review see [@bib0260]). In a recent fMRI study with a large group of youth (ages 8--21) it was found that greater task-related deactivation in default network regions predicted better performance on a non-spatial n-back task with fractal visual stimuli ([@bib0285]). However, an earlier fMRI study of spatial working memory in youth (age 12--17) reported both positive and negative correlations between performance and deactivation of different default network regions ([@bib0220]). The mixed findings could be due to parameter differences across studies and in participant age ranges. Thus, studying task-related deactivation during working memory in comparison with task-related activation with a more restricted age range would extend our understanding of their contribution to performance variability in youth.

Our goal in this study was to examine the relationship between spatial working memory and activation of the fronto-parietal and default network regions during late childhood and early adolescence, as working memory ability varies widely across individuals in this age range ([@bib0095], [@bib0110]) and large variability in the development of various cortical systems have been reported ([@bib0125]). We used a modified spatial 1-back task with two load conditions to investigate the relationship between neural responses to spatial working memory load and performance variability in a sample of youth with a narrow age range (9--12). We used whole brain multiple regression, regions of interest (ROI), and functional connectivity to analyze the data.

It is well recognized that pronounced individual differences in working memory performance exist throughout childhood and adolescence. Previous longitudinal studies suggested that frontal and parietal activity predicts cognitive abilities later in development ([@bib0075], [@bib0080], [@bib0340]), it is therefore plausible that executive function abilities at earlier stages of development predict performance and brain activation during a later stage. To address this latter issue, we examined whether executive function ability measured at prior time points (ages 3, 6 and 9) predicted current spatial working memory performance and load-related neural activation at time of scanning.

2. Methods {#sec0010}
==========

2.1. Participants {#sec0015}
-----------------

Participants were a subsample of a larger sample of 559 subjects enrolled in the Stony Brook Temperament Study. Families were recruited from the community using commercial mailing lists, and participants were evaluated at 3, 6, and 9 years of age. A subgroup of 80 participants were recruited for a neuroimaging study 1--3 years after the age 9 assessment. 68 of these participants (85%) completed the working memory task during fMRI. These participants had no history of major medical conditions and had at least one English speaking biological parent. 29 subjects were excluded from the analyses: 17 had missing behavioral data, 4 appeared to have misunderstood the task instructions (performing the task as a delayed match-to-sample task instead), 4 were behavioral outliers (with accuracy 3 standard deviations below average), and another 4 had excessive head motion during fMRI. Thus, 39 participants (age 9--12 \[mean = 11.1 ± 0.7\], 43.6% female) were included in the final analysis. The Pubertal Development Scale (PDS) ([@bib0245]) was used to measure puberty score at the time of fMRI. The participants had a mean puberty score of 8.37 ± 2.36; one male participant did not complete the PDS. There was no significant difference in PDS scores between males (8.14 ± 2.13) and females (8.65 ± 2.67) (*t* \< 1). Age was not correlated with puberty scores (*r* = 0.28, *p* = 0.089), probably due to the restricted age range. Informed consent was obtained from parents of the participants in accordance with the Stony Brook University Institutional Review Board.

2.2. Spatial working memory task paradigm and behavioral data analysis (current age) {#sec0020}
------------------------------------------------------------------------------------

During fMRI, the participants performed a block design 1-back spatial working memory task with two load conditions (Load 1 and Load 3). See [Fig. 1](#fig0005){ref-type="fig"} for a schematic of the paradigm. During the Load 1 condition, participants tracked the location of 1 rabbit stimulus and in the Load 3 condition participants tracked the locations of 3 rabbit stimuli.Fig. 1Spatial working memory task paradigm. (A) A schematic of the block sequence of task (Load 1 or Load 3) and fixation periods in a run. (B) A schematic showing a yes and no trial in Load 1 and in Load 3. In each task block, subjects were presented with either 1 (Load 1) or 3 (Load 3) rabbits at different locations and were required to track these locations and make yes/no responses through 5 trials per block. Delay between trials was jittered (2.3, 3.3 or 4.8 s). (Stimuli not to scale).

The two load conditions were presented in blocks of 5 trials. On each trial except the first trial of each block, participants pressed a button to indicate whether any rabbit was in a different location from the previous trial. In the Load 3 condition, only one of the rabbits ever changed location on a trial (the participants were made aware of this). To reduce verbalization, the rabbits were located randomly around an invisible circle with a radius of 5 degrees visual angle. The participants did not report verbalization as a strategy in the post experiment interview, though several reported a shape forming strategy. The rabbits were presented for 200 ms and were an average size of 1° in visual angle. There were 8 possible locations shifted between 5° to 10° from regular clock orientation to prevent verbalization and the locations were masked with 8 rabbit holes (average 1 degree of visual angle) presented during a variable inter-trial interval (ITI) of 2.3, 3.3 or 4.8 s, with an average ITI of 3.2 s. Each task block lasted 17 s and was followed by a 13 s no-task fixation period. Each run started with 6 s of dummy scans and 6 s of fixation and lasted 4 min 12 s. There were 2 runs and 8 task blocks per run, with 4 blocks per load condition per run, for a total of 16 blocks. Participant responses were collected with a button box held by both hands. Participants were instructed to respond with their left and right index fingers (yes and no responses were counterbalanced across participants). Each participant practiced the task for 10 min before scanning.

Behavioral data from the spatial working memory task were analyzed with SPSS (Statistics 22, IBM). For task performance we calculated *d*′, a measure of discriminability in signal detection theory, from the *z*-transformed hits and false alarm scores ([@bib0250]). All trials except the first trial of each block contributed to the hits and false alarm calculation. The average reaction time (RT) of each participant was calculated from correct trials after removing outliers more than 3 standard deviations away from the participant\'s mean reaction time. Paired *t*-tests were used to examine the significance of task performance differences between the two load conditions. A bivariate correlation matrix was calculated by correlating age (in months), PDS score, *d*′ and RT to determine potential influence of age and pubertal status on task performance.

2.3. Behavioral measures of executive function at age 3, 6 and 9 {#sec0025}
----------------------------------------------------------------

At age 3, participants completed several subscales of the Developmental Neuropsychological Assessment (NEPSY) ([@bib0170]). We used the visual attention (VAST) subscale as an index of visuo-spatial ability. This subscale requires the participant to scan an array of figures to locate and mark a target figure (a cat). The VAST subscale was scored by summing the number of correct targets, subtracting the number of incorrect targets and adjusting for speed.

At age 6, participants completed two tasks commonly used to index executive function. The Backward Color Span Task, which requires participants to name colors in reverse order of presentation ([@bib0105]) and the Trail Making Task ([@bib0275]), which requires participants to draw a trail through a number of letters and numbers, alternating between the two domains, in alphabetic and numerical order. The time taken to complete this trail was taken as the performance measure, which was reverse scored by reversing the sign to allow for compatible interpretation of the results across tasks.

At age 9, participants completed the standard Backward Digit Span Task, which requires them to remember a list of digits and then recall in reverse order. They also completed the Trail Making Task.

2.4. Image acquisition {#sec0030}
----------------------

Participants lay supine in a 3T Siemens Tim Trio whole-body MRI system (Siemens Medical Solutions, Erlangen, Germany) and viewed visual stimuli projected to a screen through a mirror mounted on the head coil. Whole brain, high resolution structural anatomical images were acquired in the sagittal plane with a T1 weighted MPRAGE scanning sequence (TR = 2400 ms; TE = 3.16 ms; slices = 176; flip angle = 8°; FOV = 256 × 256; matrix = 256 × 256; resolution = 1 × 1 × 1 mm^3^). A second set of T2-weighted structural images were collected in the axial plane oblique to the AC-PC (TR = 6450; TE = 88; slices = 37, 3.5 mm with 0 mm gap; flip angle = 120°; FOV = 256 × 256; matrix = 256 × 256; resolution = 1 × 1 × 3.5 mm^3^). Two runs of functional images were acquired in the axial plane oblique to the AC--PC with a T2\*-weighted single-shot echo-planar pulse sequence (TR = 2000 ms; TE = 26 ms; slices = 37; flip angle = 90°; FOV = 224 × 224; matrix = 64 × 64; resolution = 3.5 × 3.5 × 3.5 mm^3^; 126 volumes per run).

Before scanning, all participants went through a mock scanning session to acclimate them to the scanning environment. The mock scanning was done with a MRI simulator (Model number: PST-100355 from Psychological Software Tools, USA). During mock scanning, an audio simulation of scanner noise was played to the participants. Feedback was given to the participants regarding head movement using the Flock of Birds motion tracking system (Ascension Technology Corporation, USA) and the MoTrack motion tracking software (Psychology Software Tools, USA). Motion feedback was only given to the participants during mock scanning. During both mock scanning and scanning sessions, the participants' heads were stabilized in the head coil using foam pads around the head to minimize motion.

2.5. Image processing and analysis {#sec0035}
----------------------------------

All images were preprocessed in SPM8 (Welcome Trust Center for Neuroimaging, University College London, <http://www.fil.ion.ucl.ac.uk/spm/>). The first 3 volumes of each functional run were discarded to allow T2\* signal to reach equilibrium. The remaining functional images were corrected for differences in slice acquisition timing and head motion. A mean EPI image was then generated from the realigned images. T2 weighted inplane structural images were co-registered with the mean EPI image, then MPRage images were co-registered to the T2 weighted inplane structural image. Segmentation was applied to the high resolution T1 structural image and segmented images were normalized to the Montreal Neurological Institute (MNI) template. The same transformation parameters were then applied to all functional images. Finally, all functional images were spatially smoothed with a Gaussian kernel of 6 mm at full-width half-maximum and were high-pass filtered with a cutoff of 1/128 Hz.

For each participant, a general linear model (GLM) was constructed that included two conditions (Load 1 and Load 3). Trial onsets for each load condition were entered as regressors in the GLM. Error trials were modeled with a separate regressor, but were not further investigated (14% on average, ranging from 5--30%). Head motion was further corrected by including 6 motion parameters in the *x*, *y*, *z*, roll, yaw and pitch, as well as motion outliers as regressors in the GLM. Motion outliers were defined as volumes with a scan-to-scan motion greater than 0.5 mm in either the *x*, *y* or *z* plane, or 0.01 radians in either the roll, pitch or yaw rotation, using the Artifact Detection Tools (ART) (<http://www.nitrc.org/projects/artifact_detect/>). On average 17% of scans were identified as outliers per run (ranging from 5% to 31% across subjects). Runs were excluded from analysis if more than 1/3 of volumes were outliers. There was no significant relationship between participants' motion and age or between motion and performance (−0.2 \< *r*\'s \< 0.2, *p*\'s \> 0.1). A second level univariate analysis was done to investigate blood--oxygen-level-dependent (BOLD) activation in response to load demand (Load 3 \> Load 1) using a *t*-test.

A multiple regression was performed to examine group level correlations between load-dependent brain activation, age (in months) and task performance (*d*′) across participants. A similar multiple regression was done with PDS scores and task performance (*d*′). In each multiple regression model, we entered each participant\'s Load 3 \> Load 1 contrast values into the model with age/PDS scores and performance as covariates. This regression model allowed us to investigate the relationship between performance and BOLD responses to load with developmental measures (age and PDS scores) being controlled for and vice versa. Three more multiple regressions were conducted to test if the results were sensitive to model parameters. Each model used the Load 3 \> Load 1 contrast from all participants but included only one covariate either age, PDS scores or performance. The combined models generated similar results to the independent models, so only the results from the combined models are reported here.

Unless otherwise stated, all whole-brain maps at the group level were thresholded at *p* \< 0.001, uncorrected and statistical significance with multiple comparisons corrected at the cluster level at *p* \< 0.05, false discovery rate (FDR). Figures are displayed at *p* \< 0.001, uncorrected with clusters size ≥12.

2.6. ROIs {#sec0040}
---------

To further examine the relationship between load-dependent BOLD activation and behavioral measures, we defined a set of 4 ROIs (spheres of 8 mm radius) chosen from the literature. A single ROI was constructed from two spheres, one in the left and another in the right middle frontal gyrus (MFG) (−36, 44, 20 and 40, 32, 30 respectively), a second ROI was created with two spheres in the left and right IPL regions (−36, −50, 40 and 40, −48, 38 respectively), all spheres were centered on peak coordinates from [@bib0235] meta-analysis of *n*-back task-related activations. These areas are known to be part of the executive control network. Two more ROIs were created from two default network regions were chosen from [@bib0175] meta-analysis on the default network, a vACC ROI (2, 32, −8) (referred to as ACC in [@bib0175]) and a PCC ROI (−4, 52, 22). Mean beta values for each subject were extracted for the Load 3 \> Load 1 contrast using the MarsBar toolbox (<http://marsbar.sourceforge.net/>). Pearson\'s *r* correlation was calculated between the mean beta values for each ROI with task performance (*d*′).

We further examined whether the regions that show correlations with behavior (from the multiple regression analyses) are also correlated with visuospatial attention and executive function behavioral measures collected prior to scanning, at ages 3, 6 and 9. A single ROI was created for this analysis by selecting significant clusters from the *d*′ multiple regression analysis (*p* \< 0.001, uncorrected) (see [Fig. 2](#fig0010){ref-type="fig"}(B)), including activation in the vACC (−6, 32, −11, cluster size = 77 voxels) and PCC (3, −52, 22, cluster size = 27 voxels).Fig. 2(A) Effects of spatial working memory load. Load-related activations are shown with a contrast of Load 3 \> Load 1. Greater increases and decreases in BOLD signal with load demand are shown in hot and cool colors, respectively. (B) Correlation between load-related BOLD signal and task performance (*d*′). Results are from multiple regression analyses overlaid on the task-related deactivations during both Load 1 and Load 3 (blue). Cyan color indicates regions that show a negative correlation between load-related activity and *d*′ across subjects. Whole-brain maps were cluster-corrected for multiple comparisons at *p* \< 0.05 and displayed at *p* \< 0.001, uncorrected with clusters size ≥12. (C) Scatter plots showing correlation between load-related BOLD signal (Load 3 \> Load 1) in selected ROIs and task performance (*d*′) across subjects. Bilateral middle frontal gyrus (MFG; −36, 44, 20 and 40, 32, 30) and bilateral inferior parietal lobule (IPL; −36, −50, 40 and 40, −48, 3) ROIs were defined according to [@bib0235] and the ventral anterior cingulate cortex (vACC; 2, 32, −8) posterior cingulate cortex (PCC; −4, −52, 22) ROIs were defined according to [@bib0175]. \*\* significant to *p* \< 0.01. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Three more ROIs in frontal and parietal regions were constructed based on the univariate Load 3 \> Load 1 contrast for functional connectivity analyses. These ROIs included the right MFG (sphere of 8 mm at 42, 35, 7), the inferior frontal junction (IFJ) (two spheres of 8 mm at −48, 2, 31 and 48, 5, 28), and the IPL (two spheres of 8 mm at −36, −37, 43 and 48, −31, 43). The vACC and PCC ROIs used for functional connectivity were the same as those used for the correlation with performance.

2.7. Functional connectivity analysis {#sec0045}
-------------------------------------

Seed-based functional connectivity analysis was conducted using data from the entire working memory task period. Basic preprocessing was done in the same manner as the univariate analysis described above. Further processing was conducted on the data to make them suitable for functional connectivity analysis using the CONN toolbox ([@bib0355]; <http://www.nitrc.org/projects/conn>). Despiking was first applied to the data, followed by regressing out nuisance variables, including CSF and white matter signal, motion parameters and outlier scans (defined as global motion greater than 0.5). A band pass filter of 0.008--0.09 Hz bandwidth was applied last. Seeds were the ROIs in the right MFG, IFJ, IPL, PCC and vACC described in the last section. Average time series was calculated for each seed region, and then its correlations with the time series of voxels in the rest of the brain were calculated. Group level regression analysis was conducted to determine the correlations between seed-based functional connectivity and working memory task performance (*d*′) across subjects.

3. Results {#sec0050}
==========

3.1. Behavioral results {#sec0055}
-----------------------

As expected, participants performed better on the Load 1 compared to Load 3 condition, with higher *d*′ (Load 1: 2.81 ± 0.62; Load 3: 1.79 ± 0.70; *t*(38) = 8.44, *p* \< 0.001) and faster response times (Load 1: 1107 ± 272 ms; Load 3: 1210 ± 304 ms; *t*(38) = −4.29, *p* \< 0.001). There was no main effect of gender or interaction between load and gender (*F*\'s \< 1) on *d*′. There was also no effect of gender on RT (*F* \< 1), but there was a trend toward significance in interaction between gender and load (*F*(1,37) = 3.72, *p* = 0.062). No significant correlations were found between PDS scores, age, *d*′ and RT (−0.1 \< *r*\'s \< 0.1, *p*\'s \> 0.1), though the correlation between age and PDS scores was trending to significance (*r* = 0.28, *p* = 0.089).

There were significant positive correlations between spatial working memory performance (*d*′) at the current age and Trail Making Task (reversed) at age 9 (*r* = 0.42, *p* \< 0.01) and age 6 (*r* = 0.50, *p* \< 0.01) and a trend toward significance with NEPSY VAST scores at age 3 (*r* = 0.31, *p* = 0.051). Correlations between *d*′ and Backward Digit Span Task at age 9 (*r* \< 0.3, *p* \> 0.09) and Backward Color Span Task at age 6 (*r* \< 0.2, *p* \> 0.10) did not reach the significance threshold. Taken together, better spatial working memory task performance during the present fMRI study was associated with previous measures of executive function at younger ages.

3.2. Working memory load-dependent activation and deactivation {#sec0060}
--------------------------------------------------------------

We observed stronger activation in the prefrontal and parietal cortices during the Load 3 condition relative to the Load 1 condition of the current spatial working memory task in these participants. Specifically, regions that showed a significant increase in activation with load included the pre-SMA, right MFG, bilateral FEF, IFJ, SPL, IPL and temporo-occipital regions (*p* \< 0.05, FDR corrected clusters). See [Fig. 2](#fig0010){ref-type="fig"}(A) for the group activation maps and [Table 1](#tbl0005){ref-type="table"} for the peak co-ordinates.Table 1Suprathreshold activations in the Load 3 \> Load 1 contrast, and correlations between load related activity and *d*′. Significance threshold is at *p* \<0.05 FDR cluster corrected. Abbreviations: frontal eye fields (FEF), middle frontal gyrus (MFG), inferior frontal junction (IFJ), medial superior frontal gyrus (mSFG), supplementary motor area (SMA), pre-supplementary motor area (pre-SMA), superior parietal lobule (SPL), inferior parietal lobule (IPL), intraparietal sulcus (IPS), lateral occipital gyrus (LOG), inferior temporal gyrus (ITG), superior temporal gyrus (STG), sensorimotor cortex (SMC), supramarginal gyrus (SMG), ventromedial prefrontal cortex (vACC) and posterior cingulate cortex (PCC). L, left hemisphere; R, right hemisphere.Region*t* valueCluster sizeMNI Coordinates (mm)*xyz*Load 3 \> Load 1: Task Positive Activity Frontal  L FEF6.15139−24−158  L IFJ7.63190−48231  R FEF7.8716927−752  R MFG5.388042357  R IFJ10.2022448528  mSFG (pre-SMA)4.9149−32043   Parietal  L SPL11.222437−18−6452  L IPL9.54−36−3743  L IPS10.36−24−7331  R SPL12.87271421−6158  R IPL8.4948−3143  R IPS11.0730−8231   Temporo-occipital  L LOG/ITG [b](#tblfn0010){ref-type="table-fn"}11.33−36−8213  R LOG/ITG [c](#tblfn0015){ref-type="table-fn"}12.7248−64−8  Load 3 \> Load 1: Task Negative Activity Frontal  SMA4.43108−3−2246   Parietal  L SMG6.42238−57−5243  R SMG5.7132148−5828  Precuneus/Cuneus5.613450−8231  PCC5.567112−5531  R SMC4.387442−1964  Negative correlation between load effect and *d*′ in load-dependent regions vACC5.9177−632−11 PCC[a](#tblfn0005){ref-type="table-fn"}3.85273−5222[^1][^2][^3]

Load-dependent decreases in activation were also observed, with stronger deactivation in the supplementary motor area (SMA), precuneus/cuneus, bilateral supramarginal gyrus (SMG), right sensorimotor cortex (SMC), and PCC in Load 3 compared to Load 1 (*p* \< 0.05, FDR corrected clusters) (see [Fig. 2](#fig0010){ref-type="fig"}(A) and [Table 1](#tbl0005){ref-type="table"}).

3.3. Correlation between current spatial working memory performance and activation in fronto-parietal regions {#sec0065}
-------------------------------------------------------------------------------------------------------------

To examine whether individual differences in load-dependent activation varied in association with their working memory performance (*d*′), we applied whole-brain multiple regression analyses. We did not find any suprathreshold correlations between load-related responses in frontal or parietal regions and performance at *p* \< 0.001 (see [Fig. 2](#fig0010){ref-type="fig"}(B) and (C)). As fronto-parietal activity has previously been associated with better performance, we examined whether such correlations exist at more lenient thresholds. Only a very lenient threshold (*p* \< 0.05, uncorrected) revealed a positive correlation between performance (*d*′) and load-related responses in the right FEF and left IPL (data not shown). Using ROIs from the literature ([@bib0235]), we also found no significant correlations between task performance and load-related responses in MFG and IPL (*r*\'s \< 0.2, *p*\'s \> 0.1).

Functional connectivity analysis, however, revealed that better working memory performance across subjects is correlated with stronger coupling between the IFJ seed and bilateral SPL and IPL (*p* \< 0.05, FDR corrected clusters) (see [Fig. 3](#fig0015){ref-type="fig"}). Similar effects were not observed for the right MFG or IPL seeds.Fig. 3Functional connectivity of prefrontal areas in association with task performance. Bilateral inferior frontal junction seed (IFJ; −48, 2, 31 and 48, 5, 28) are presented in yellow. Green shows IFJ functional connectivity with posterior parietal areas that increases with higher performance scores (*d*′). Whole-brain maps were cluster-corrected for multiple comparisons at *p* = 0.05 and displayed at *p* \< 0.001, uncorrected with clusters size ≥12. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.4. Correlation between current spatial working memory performance and deactivation in default network regions {#sec0070}
---------------------------------------------------------------------------------------------------------------

Whole-brain multiple regression analyses revealed suprathreshold negative across-participant correlations between task performance and load-dependent decreases in activation (Load 3 \> Load 1) in the vACC (*p* \< 0.05, FDR corrected clusters) and the PCC (*p* \< 0.001, uncorrected) (see [Fig. 2](#fig0010){ref-type="fig"}(B) and [Table 1](#tbl0005){ref-type="table"}). These results showed that greater activation differences in the vACC and PCC areas for the high load relative to the low load condition (i.e., less deactivation at higher load) is associated with poorer working memory performance for this group of participants. Similar results were confirmed using ROIs from the literature (see [Fig. 2](#fig0010){ref-type="fig"}(C)). However, seed regions in the default network did not show functional connectivity patterns that were significantly associated with task performance across participants.

3.5. Correlation between behavioral measures at age 3, 6 and 9 and current load-related responses {#sec0075}
-------------------------------------------------------------------------------------------------

We further examined whether the parts of PCC and vACC that showed load-related responses in association with task performance were also associated with executive function performance measured at earlier ages: 3, 6 and 9. An ROI including the PCC and vACC clusters from the multiple regression between load-dependent activation and task performance was used in this analysis. As shown in [Fig. 4](#fig0020){ref-type="fig"}, greater load-dependent deactivations in the ROI were correlated with better performance on the Trail Making Task at age 9 (*r* = −0.365, *p* \< 0.05, which did not survive Bonferroni correction) and age 6 (*r* = −0.443, *p* \< 0.01), as well as NEPSY VAST at age 3 (*r* = −0.441, *p* \< 0.01). The correlation between load-dependent deactivation and Backward Digit Span Task at age 9 was significant (*r* = −0.406, *p* \< 0.01), but not the Backward Color Span Task at age 6 (*r* = 0.007, *p* \> 0.1).Fig. 4Correlation between load-related deactivations (Load 3 \> Load 1) and cognitive performance at earlier ages. (A) The ROI, comprised of vACC (−6, 32, −11) and PCC (3, −52, 22) was defined from clusters found in the whole brain multiple regression analysis. (B) NESPY visual attention (VAST) scores at age 3. (C and D). Trail Making Part B time scores (reverse scored with positive values for better performance) at ages 6 (C) and 9 (D). \* significant to *p* \< 0.05, \*\* significant to *p* \< 0.01.

For comparison purposes, we also examined the associations between these attention/executive function measures from earlier time points and the load-related responses of the prefrontal and posterior parietal regions observed at the current age. There was a correlation between the right MFG ROI and backward digit span at age 9 (*r* = −0.32, *p* \< 0.05, which did not survive Bonferroni correction), but no significant correlations were found between the IPL ROI and behavioral measures from earlier ages (−0.3 \< *r*\'s \< 0.3, *p* \> 0.1). Taken together, these results suggest that load responses of the default network regions (vACC and PCC) in this group of participants at ages 9--12 are more closely related to their executive function at earlier time points.

4. Discussion {#sec0080}
=============

In this study, we investigated the relationship between fronto-parietal and default network regions and spatial working memory performance in a sample of youth in late childhood or early adolescence. We also investigated whether previous executive function abilities at younger ages were associated with current brain activation during working memory. We found load-dependent increases in BOLD signal in prefrontal and posterior parietal regions and load-dependent decreases in default network regions. Across subjects, better working memory performance was significantly associated with greater load-dependent deactivation of default network regions but not with activation of frontal or parietal regions. However, functional connectivity analysis revealed that stronger coupling between prefrontal (IFJ) and posterior parietal areas was significantly associated with better task performance across subjects. Intriguingly, we found that executive function measures taken at ages 3, 6, and 9 were also positively correlated with load-dependent deactivation of the default network at time of scanning (aged 9--12).

The increased activation in frontal and parietal regions and decreased activation in lateral and medial parietal regions with increasing memory load suggest that similar brain systems are involved during spatial working memory in 9--12 year old youth as in adults. These findings are consistent with the literature on spatial working memory in adults ([@bib0065], [@bib0145], [@bib0185], [@bib0210]) and youth at this age ([@bib0325], [@bib0330]). Increased prefrontal activation in response to a spatial working memory task compared to rest has been found in a near infrared spectroscopy study with preadolescent children between ages 3--7 ([@bib0240]), suggesting that the fronto-parietal architecture for working memory is likely in place early in development, though changes to this system continue through adolescence ([@bib0120], [@bib0160], [@bib0165], [@bib0205], [@bib0290], [@bib0345]).

Frontal and parietal activation have previously been associated with individual differences in spatial working memory performance in youth aged 9--18 ([@bib0165], [@bib0230], [@bib0300]). In our sample of 9--12 year olds, spatial working memory performance was not significantly correlated with load-dependent brain activation in fronto-parietal regions, even though robust load-dependent responses in these regions were evident. A possible reason for the different findings is differences in participant age ranges across studies. Previous studies that found fronto-parietal activation predicting performance used a wider age range including older adolescents ([@bib0165], [@bib0215], [@bib0220], [@bib0300]) and young adults ([@bib0230]) in their samples. When restricted to a younger group at age 13, [@bib0230] found no significant associations between activation in fronto-parietal regions and spatial working memory performance. [@bib0300] found that a neuropsychological measure of working memory performance using a shape location task with a progressively increasing span was positively correlated with posterior parietal activation during a spatial delayed match-to-sample task in older participants (10--12 years) but not in younger participants (7--9 years). Taken together, the magnitude of fronto-parietal activation and its relationship to working memory performance may be age dependent. The lack of a significant association between frontal load-dependent BOLD responses with performance at younger ages may be a result of the protracted development of the prefrontal cortex ([@bib0035], [@bib0040], [@bib0070], [@bib0120], [@bib0125], [@bib0290]). As our study and others ([@bib0240]) indicate that the prefrontal regions of older children and early adolescents are active during working memory, it is possible that these regions are involved in supporting working memory functions between ages 9 and 12 or younger, but in a somewhat different manner compared to older individuals. Indeed, our data showed that there was a significant positive association between the strength of fronto-parietal functional coupling during spatial working memory and performance differences across subjects. This suggests that there is a potentially greater role of network activation rather than regional activation in supporting good working memory performance at this stage of development, though further studies would be needed to determine if this network activation during both task and resting states reflect working memory performance.

In contrast to frontal and parietal regions, our data showed that better spatial working memory performance is significantly associated with greater load-related regional deactivation in vACC and PCC. This finding is consistent with the emerging body of literature showing that behavioral performance is associated with the degree of deactivation in the default network during non-spatial working memory tasks in both adults and youth (age 8--22) ([@bib0010], [@bib0015], [@bib0265], [@bib0280], [@bib0285]). Our study shows that this correlation between task induced deactivation in default network regions and performance exists in spatial working memory as well as in a younger sample with a restricted age range. The exact function of vACC and PCC deactivation during working memory is a subject of intense debate in the adult literature. While many studies suggested that the medial default network regions play a general role in cognition ([@bib0010], [@bib0305], [@bib0310]), functional heterogeneity has also been found ([@bib0175]). Studies showing decreased activation in response to greater cognitive load ([@bib0210], [@bib0325]) have been interpreted as being a result of attention being allocated away from cognitive functions performed by default network regions ([@bib0025]) or reduction of internal or spontaneous thoughts (see [@bib0005], [@bib0030] for review). A study of selective encoding of visual information showed that stronger functional connectivity between default network regions and visual association areas is associated with the ability to ignore task-irrelevant information ([@bib0045]). Therefore, it is possible that successfully shifting focus away from distraction and reduction of default network activation contribute to the success of working memory performance by focusing on task relevant information (which seemingly involves frontal and parietal activations \[[@bib0060], [@bib0115]\]). Indeed, it has been shown that deactivation of the default network predicted performance on a trial-by-trial basis in adults ([@bib0015], [@bib0195]).

Coupling between vACC and PPC both at rest (during the rest baseline of a working memory task and during resting state fMRI) and during a working memory task have previously been shown to be associated with non-spatial working memory performance in adults ([@bib0145], [@bib0280]) though we did not find that to be the case in our sample of youth. Some studies also suggested that the fronto-parietal and default network are negatively correlated ([@bib0020], [@bib0050], [@bib0100]) and that the degree of this anticorrelation during resting state predict behavioral performance in a non-spatial working memory task in adults ([@bib0140]), as well as neuropsychological measures of working memory ([@bib0150]). In developmental populations (ages 8--24), it has been shown that the fronto-parietal network and default network anticorrelation during resting state scans seem to increase with age ([@bib0055]). It is possible that the relationship previously found between default network coupling and performance emerges from the interactions between the fronto-parietal network and default network, and that this cross-network architecture is not yet fully developed at the age of our sample (9--12). The coupling between default network and fronto-parietal network nodes may also differ as a function of different working memory processes. A recent study with a spatial delayed match-to-sample task found that the beta series correlation between PCC and DLPFC was only significant during the maintenance phase of the task, while the correlation within the fronto-parietal network was significant throughout the trial ([@bib0255]), suggesting that the default network interaction with the fronto-parietal network may vary across different stages of working memory. Further studies should examine whether they interact differently during spatial working memory in comparison to resting state ([@bib0155], [@bib0335]).

The trajectory of maturation in brain systems and behavioral performance is highly variable between individuals ([@bib0125]). Recent findings support this view by showing that individuals with more mature patterns of brain activation and structure perform better on non-spatial working memory tasks ([@bib0085], [@bib0285]). Our findings further suggest that within individuals, executive function measures obtained from earlier in childhood (age 3, 6 and 9) seemed to predict current spatial working memory performance and vACC and PCC responses to working memory load. This suggests that up to age 12, developmental trajectories within the default network may be less variable within individuals, though this would need to be further tested. Previous longitudinal studies have shown that structure and function in fronto-parietal regions predict cognition at a later age ([@bib0075], [@bib0080], [@bib0340]). A study found that working memory dependent activity in the PPC during a spatial working memory task in a group of youth aged 6--16 years predicted arithmetic performance two years later, and that there was an effect of task dependent activity even after accounting for age ([@bib0080]). In another study by the same group, they showed that BOLD responses during spatial working memory and fractional anisotropy in and around the basal ganglia and anterior thalamus seem to predict working memory capacity in a group of 6--20 year olds two years after scanning ([@bib0340]). In contrast, our retrospective analysis revealed that the cognitive performance of participants at ages 3, 6 or 9 significantly predicted load-dependent brain activity in vACC and PCC rather than fronto-parietal regions. It is possible that the vACC and PCC regions contribute more to cognitive performance in young children while the fronto-parietal areas contribute more in older children. Further longitudinal studies would be needed to distinguish the roles of default network and fronto-parietal network in supporting working memory across age.

5. Conclusion {#sec0085}
=============

In summary, our study suggests that activation in both the default network and fronto-parietal network during spatial working memory contributes to individual differences in behavioral performance even at a young age. In a group of youth 9--12 years of age, across participant differences in load-dependent deactivation in vACC and PCC significantly predicted better task performance while load-dependent activation in prefrontal and posterior parietal areas did not. In contrast, stronger coupling between prefrontal (IFJ) and PPC predicted better working memory performance across individuals, though coupling between default network regions did not. Furthermore, measures of executive function as early as age 3 were predictive of better spatial working memory performance and level of load-dependent deactivation in default network regions at the current age of 9--12 years. This suggests that there is a need to investigate the relationship between performance and default network deactivation at earlier ages. Our results have implications for psychopathologies with onsets in adolescence and early adulthood, such as schizophrenia, which is marked by spatial working memory deficits ([@bib0180]) and dysfunction in the default network ([@bib0350]).
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[^1]: Cluster at *p* \< 0.001, uncorrected (FDR = 0.253).
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